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Simple models are proposed where the baryon and lepton number are gauged and spontaneously 
broken near the weak scale. The models use a fourth generation that is vector-like with respect to the 
strong, weak and electromagnetic interactions to cancel anomalies. One does not need large Yukawa 
couplings to be consistent with the experimental limits on fourth generation quark masses and hence 
the models are free of coupling constants with Landau poles near the weak scale. We discuss the 
main features of simple non-supersymmetric and supersymmetric models. In these models the light 
neutrino masses are generated through the seesaw mechanism and proton decay is forbidden even 
though B and L are broken near the weak scale. For some values of the parameters in these models 
baryon and/or lepton number violation can be observed at the Large Hadron Collider. 

I. INTRODUCTION 

The non-observation of neutrinoless double beta decay, r^g > 10 25 years [1], and proton decay, r p > 
10 32 years 0, indicate that the total lepton number (L) and the baryon number (B) are very good symmetries 
in nature. Recently, models have been investigated where baryon number and lepton number are gauged and 
spontaneously broken at the TeV scale in Refs. OHSJ. Note that by gauging baryon and lepton number we 
mean that two new U(l) gauge symmetries are introduced that, for the standard model particles, correspond 
to usual baryon and lepton number. In these models anomalies were cancelled [7] by introducing a new 
family (sequential or mirror) with baryon number ±1 and lepton number ±3. These papers build on the 
earlier work in Refs. QUI. We view canceling anomalies using a fourth generation as less speculative than 
other choices since we observe this structure for matter. 

The experimental constraints on the masses of fourth generation quarks are strong and so in Refs. (3]-0 
the cutoff of the theory has to be quite low, because of Landau poles in the Yukawa couplings of the fourth 
generation quarks. In this article, we propose new models where this issue is solved in a simple way. Adding 
a family that is vector-like (with respect to the SU(3) SU (2) (g) U (1) standard model interactions) and 
composed of a chiral family and a mirror family, we can define an anomaly free theory and generate large 
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masses for the new quarks without assuming large Yukawa couplings. Since baryon and lepton number 
are vector-like on a complete generation (with a right handed neutrino) we cancel anomalies provided the 
difference in baryon number between the fourth family and mirror family is —1 and the difference in lepton 
number between the fourth family and mirror family is —3. The quarks in these families can have mass 
terms that do not require weak symmetry breaking provided we introduce a scalar, Sb with baryon number 
1 that gets a vacuum expectation value. 

Similarly fourth generation lepton masses that don't require weak symmetry breaking can arise if a scalar 
Sl with lepton number 3 gets a vacuum expectation value. We prefer not to take this approach since in this 
case one cannot generate neutrino masses through the seesaw mechanism Proton decay is forbidden to 
all orders if the scalar field that break lepton number has an even lepton number charge. In the models we 
construct we use fields with \L\ = 2 to break lepton number, generate Majorana neutrino masses through 
the seesaw mechanism and avoid proton decay. 

In this paper we construct both non-supersymmetric and supersymmetric models where baryon and lep- 
ton number are spontaneously broken near the weak scale, proton decay is forbidden and the light neutrinos 
get mass from the seesaw mechanism. In the non-supersymmetric case we find that after symmetry break- 
ing global baryon number is conserved (by the renormalizable couplings) while lepton number is broken. 
In this case observable lepton number violating signals at the LHC from the decays of right-handed neutri- 
nos are possible. In the supersymmetric scenario the scales for B and L violation are necessarily of order 
supersymmetry breaking scale and observable baryon and lepton number violating signals at colliders are 
possible. Dark matter candidates are briefly discussed in both scenarios. 

This article is organized as follows: In Section II we describe a simple non-supersymmetric model with 
gauged B and L and without Landau poles in the Yukawa couplings of the new quarks in the theory. In 
Section III we discuss the realization of our main idea in a supersymmetric model. Finally, we briefly 
summarize our main findings in Section IV. 

II. NON-SUPERSYMMETRIC SCENARIO 

In order to discuss the spontaneous breaking of gauged B and L we list all Standard Model (SM) fields 
including their baryonic and leptonic quantum numbers: Ql ~ (3, 2, 1/6, 1/3, 0), ur ~ (3,1,2/3,1/3,0), 
d R ~ (3, 1, -1/3, 1/3, 0), l L ~ (1, 2, -1/2, 0, 1), e R ~ (1, 1, -1, 0, 1) and u R ~ (1, 1, 0, 0, 1). It is 
well known that U{1)b and U(1)l are not anomaly free in the SM and to cancel anomalies one needs 
new fermionic degrees of freedom [7] . In Ref . [ 8 ] the authors proposed adding a fourth sequential fam- 
ily where the new quarks have baryon number —1 to cancel all U(1)b anomalies. Right handed neu- 
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trinos for all the families are required to cancel the lepton number anomalies. Recently, in [3-5] the 
possibility of simultaneously gauging U(1)b and U(1)l has been investigated. The cases of adding a 
sequential and mirror fourth family were investigated in Ref. [|3H5l and the main features of the models 
were discussed. Experimental constraints on fourth generation quark masses are quite strong and this un- 
fortunately leads to very large fourth family Yukawa couplings that have Landau poles located not very 
far from the weak scale. In this section we construct an anomaly free model based on the gauge group 
SU(3)c (g) SU(2) L <g) U(1) Y <S> U{1)b<S> U{1)l free of non-perturbative Yukawa couplings up to the 
Planck scale. 

Anomaly Cancellation: Adding a vector-like family, which is composed of a sequential and mirror 
family, one can generate large masses for the new fermions in the theory and cancel all baryonic and leptonic 
anomalies. The new fermions are Q L , u' R , d R , l' L , e' R and v R for the sequential family, while one has Q R , 
u' L , d L , l R , e' L and v L for the mirror family. Anomalies are canceled if the following conditions are satisfied, 

B n i = B i = B j , (1) 

lj l u R a R 

B Q' R = B u> L = B d> L i ( 2 ) 

B Q'l ~ B Q'h = _1 ' (3) 

in the quark sector and 

L t , = L, = L i , (4) 
L f = L, = L i , (5) 
L,i — L,i = —3, (6) 

in the leptonic sector. 

Quark Sector: We generate large quark masses without large Yukawa couplings using the following 
interactions: 

- A£ 9 / mass = h'jjQ^H u' R + hu Q R H u' L + h' D Q' L H d' R + h D Q' R H d' L 

+ Aq Q' l Q' r S b + \u u' r u' l Sb + Ad d' R d' L S B + h.c. (7) 

where the field Sb has baryon number —1 and once it gets a vev one breaks U (1) b generating masses for 
the new quarks. Neglecting the couplings to the SM Higgs, the new up type quarks form two Dirac fermions 
with masses \qvb/V% and Xjjvb/V^ . Similarly the new down type quarks form two Dirac fermions with 
masses, \qvb/V% and \dvb/V%- Here, (Sb) = vb/V% is the vev of the field breaking local baryon 
number. Also we have adopted a phase convention where the Yukawa couplings, Aq, Xjj and Ad are real. 
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Leptonic Sector: The relevant terms to understand the mass generation for the new leptons are given by 

- A£// maSB = h' E l' L H e' R + h' E l' R H e L + h' v l' L H v R + h' v l' R H v L 

+ Y E J L He R + Y v l L Hv R + X VR vrvrS l + h.c, (8) 

where Sl is the a scalar field with lepton number —2 and once gets the vev one breaks U(1)l generating 
mass for the SM right handed neutrinos. There is no mixing between the fourth generation and its mirror 
and between the fourth (mirror) generation and the usual three generation of leptons. The neutrinos in the 
fourth generation and its mirror are Dirac particles and presuming that they are lighter than the charged 
leptons they are stable and are a component of the dark matter. The masses for the SM light left handed 
neutrinos are generated through the type I seesaw mechanism in the usual way. The fourth family (and 
mirror family) charged leptons get mass from weak symmetry breaking but because the experimental limits 
on fourth generation charged lepton masses are weaker (~ 100 GeV) than for quarks strong coupling issues 
can be avoided. Since Sl has even lepton number charge proton decay is forbidden even if we add non- 
renormalizable operators to the Lagrangian. 

A was discussed in Refs. @|4), without additional interactions the lightest new quark is stable since 
there is no mixing between the SM quarks and the new quarks. Therefore, following the results in Ref. Q 
we add a new scalar field X with baryon number, Bx = 1 /3 — B n > , which has the interactions 

-A£ Yx = X 1 XQ L Q R + X 2 Xu^u L + X 3 XdR~d' L + h.c. (9) 

Here, we assume that X does not get a vev. For a range of parameters it is an acceptable dark matter 
candidate H. It's stability is an automatic consequence of the gauge symmetry and matter content of the 
model. 

The renormalizable interactions in this model conserve a global baryon number where all the quarks 
have the same charge. However, this symmetry is anomalous and non perturbative instanton effects do 
not respect it. Also non renormalizable interactions that are allowed by the gauge symmetry do violate 
baryon number symmetry after spontaneous symmetry breaking. For example, the dimension 1 1 operator, 
{u R d R s R ) 2 S B — > (u R d R s R ) 2 v B /2, violates baryon number by two units. 

Symmetry Breaking: The scalar sector of this model is composed of the fields H, Sl, Sb and X, where 
S R gets a vev breaking U(1)b- In the leptonic sector since Sl breaks U(1)l but preserves the discrete 
"parity" (— 1) L . Hence proton decay is forbidden. One has two extra neutral gauge bosons, Z E and Z R , in 
the theory associated to the local U(1)l and U(1) R , respectively. There are some restrictions on the charges 
of the fields to ensure that it is natural for X not to have a vev. For recent studies of leptophobic Z s see 

Ref. ma. 
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Precision Electroweak Constraints : The model above has a new generation of quarks and leptons and 
a mirror of this. Since the quarks get mass without weak symmetry breaking their masses can be mod- 
estly larger than the weak scale and this suppresses their contributions to the oblique precision electroweak 
parameters, S, T and U. However, the leptons of the fourth generation and its mirror get mass through 
weak symmetry breaking and we illustrate here that their contribution to these oblique parameters can be 
acceptably small. For our study we use the formulae in Ref. [11]. See also Ref. lPT2l for recent studies of 
the constraints on a fourth generation from electroweak precision observables. 

Table I: Oblique precision electroweak variables, S, T, and U for various values of the fourth generation 
(denoted by a prime) lepton masses and the mirror fourth generation (denoted by double prime) masses. 



M e , M v , M e , M v n S T U 

120 GeV 60GeV 120 GeV 60 GeV -0.0737 0.1267 0.0633 

120 GeV 60 GeV 120 GeV 100 GeV -0.0022 0.0706 0.0335 

120 GeV 100 GeV 120 GeV 100 GeV 0.0694 0.0144 0.0036 

150 GeV 75 GeV 150 GeV 75 GeV -0.0585 0.1981 0.0516 

150 GeV 100 GeV 150 GeV 100 GeV 0.0159 0.0893 0.0167 

150 GeV 75 GeV 150 GeV 100 GeV -0.0213 0.1437 0.0342 

150 GeV 100 GeV 150 GeV 125 GeV 0.0423 0.0559 0.0099 

120 GeV 60 GeV 150 GeV 75 GeV -0.0661 0.1624 0.0575 



In Table I we present values for the oblique parameters S, T and U for some charged lepton masses less 
than or equal to 150 GeV. In this region the lepton Yukawa coupling constants for the fourth generation 
leptons and the mirror leptons remain perturbative up to very high energy scales. The experimental values 
of the precision electroweak parameters are: S = 0.02 ± 0.11, T = 0.05 ± 0.12 and U = 0.07 ± 0.12 ifBI 
This fit assumes that the Higgs mass is 120 GeV and uses the recent experimental values for other standard 
model parameters. Note there is a very large positive correlation between the values of S and T. So, for 
example, an up fluctuation in S is likely associated with an up fluctuation in T. In Table I we present the 
values for the S, T and U parameters in some benchmark scenarios. Clearly from the above table we can 
easily have acceptable precision electroweak fits. For example, in the second and fifth lines S is very small 
and T is below 0.071. 

To study further the allowed masses for the new leptons in the theory we show in Figs. 1 and 2 lines 
of constant S and T, for different values for the lepton masses. In Fig. 1 (left panel) we assume that the 
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FIG. 1: Values for the S parameter when the masses of the fourth generation neutrinos is equal to 100 GeV (left panel) 
and when the masses of the new charged leptons is 150 GeV (right panel). 
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FIG. 2: Values for the T parameter when the masses of the fourth generation neutrinos are equal to 100 GeV (left 
panel) and when the masses of the new charged leptons are 150 GeV (right panel). 



neutrinos have mass, M v > = M v n = 100 GeV while the masses for the charged leptons change between 100 
GeV and 200 GeV In Fig. 1 (right panel) we show the values of S, when the charged leptons have a mass 
equal to 150 GeV and the masses for the heavy neutrinos change between 50 GeV and 150 GeV. In both 
Figures the values of S are small and are in agreement with the experiment. Next, we study the different 
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FIG. 3: Values for the U parameter when the masses of the fourth generation neutrinos are equal to 100 GeV (left 
panel) and when the masses of the new charged leptons are 150 GeV (right panel). 

values for the T parameter. In Fig. 2 (left panel) we show the values for T assuming M v i = M v ii = 100 
GeV, and one can see that the allowed splitting are, M e > - M v > < 80 GeV and M e // - M v n < 80 GeV. In 
the second scenario showed in Fig.2 (right panel) we assume that the masses of the charged leptons is 150 
GeV. In that case to have a T parameter below 0.12 requires a mass splitting larger than 70 GeV between 
the charged and neutral leptons. 

In Fig. 3 we show values for the U parameter, which are small over the parameter space investigated. 
These Figures show that there are many regions of parameter space where the new leptons are somewhat 
light and where the constraints coming from the measured oblique parameters are satisfied. 

Lepton Number Violation at the LHC: In this model the first three generation right-handed neutrinos, 
vr, have Majorana mass terms and for a range of parameters lepton number violation is observable at the 
LHC. The right handed neutrinos can be produced at the LHC through the Z' gauge bosons which are 
a linear combination of the U(1)b and U(l)z gauge bosons. A large kinetic mixing between these two 
Abelian symmetries is not forbidden by experiment. Then, for example, one has the following signals of 
lepton number violation: pp — > Z — > vrvr — > efe^W T W T — > efe^Aj, with same sign dileptons and 
multijets. See Ref. [ 14] for the study of these channels at the LHC. 

Flavor Violation : In this model the new fermions do not mix with the SM fermions at tree level because 
they have different baryon number in the case of the quarks and lepton number in the case of the leptons. 
Eq.[9]induces at one-loop level mixing between the SM quarks and the new quarks. Therefore there are new 
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contributions to flavor changing neutral current processes like K° — K° and B° — B° mixing. These are 
acceptably small provided that, the couplings X a in Eq.[9]are less than 10 -2 0. 

In this model there is no reason to associate the spontaneous breaking of B and L with the weak scale. 
Furthermore multiple fine tunings are required to keep all the scalars at that scale. Hence it is important to 
consider a supersymmetric model with spontaneously broken local B and L symmetries where the B and L 
symmetry breaking scales must be of order the SUSY breaking scale. 



III. SUPERSYMMETRIC SCENARIO 



In supersymmetric models where B and L are spontaneously broken gauge symmetries the absence 
of baryon and lepton number violating operators of dimension four and five that cause proton decay can 
be understood. In this section we discuss a simple SUSY model where these symmetries are broken 
at the TeV scale. As usual we define the chiral superfields for the SM fields, Q ~ (3, 2, 1/6, 1/3, 0), 
u c ~ (3,1,-2/3,-1/3,0), d c ~ (3,1,1/3,-1/3,0), L ~ (1,2,-1/2,0,1), e c ~ (1,1,1,0,-1), 
v c ~ (1,1,0,0,-1), H u ~ (1,2,1/2,0,0) and H u ~ (1,2,-1/2,0,0), and the chiral superfields for 
the new fermions needed for anomaly cancellation, Q4, u%, d%, L4, e|, v% and Q C A , U4, d^, L\, e.4, O4. 

With this notation the anomaly cancellation conditions are: 

B Qi = -B u o = -B d c, (10) 

B Q% = ~Bu 4 = ~B d4 , (11) 

B Qi + B Ql = -1, (12) 

in the quark sector and 

Ll 4 = —L e % = —L„°, (13) 

L L c = -L e4 = -L vt , (14) 

L Li + L L% = -3, (15) 

in the leptonic sector. In this model we have the MSSM superpotential plus the following extra terms 
relevant for generating masses for the new fermions: 

W q4 = Y„ Q4H u u C 4 + Yu Q%H d U4 + Y D Q4&JI + Y' D Q%H u d A 

+ ^Q 4 QiQl^B + A U4 U4U4SB + A d4 dl^Ss- (16) 

The MSSM Higgs superfields are denoted by H u ~ (1,2,1/2,0,0) and H d ~ (1,2,-1/2,0,0). The 
new Higgs chiral superfields, §b ~ (1, 1, 0, 1, 0) and Sb ~ (1, 1, 0, —1, 0), generate mass for the new 
leptophobic gauge boson, Zb, and for the new heavy quarks. 
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In the leptonic sector one has the following interactions 

W k = Y E UH d e% + Y E L c 4 H u e 4 + Y' v L 4 H u ^ + Y^' L%H d v A 

+ Y E LH d e c + Y v LH u v c + X u c y c v c t L . (17) 

Here, Sl ~ (1, 1, 0, 0, —2) and Sl ~ (1, 1, 0, 0, 2) are chiral supernelds that get vacuum expectation values 
that spontaneously break lepton number and give mass to the quark-phobic gauge boson Zl- Notice that, 
as in the non-susy case, we have an implementation of the seesaw mechanism for the light neutrino masses. 
The new fourth generation neutrinos have Dirac mass terms. 

One difference from the non supersymmetric case is that because the form of the scalar potential is more 
constrained in SUSY models the symmetry breaking scales for U(1)b and U(1)l are necessarily of order 
the supersymmetry breaking scale 1 . In order to complete our discussion we list the new superpotential in 
the Higgs sector: 

W 5 = ^ L S L + n B t B S B . (18) 

Symmetry Breaking: As it was discussed in Ref. |5] the symmetries U(1)b and U(1)l are broken at the 
TeV scale since the masses of the new neutral gauge bosons are related to the SUSY breaking mass scale. 
In order to show this we give the dependence of the quarkphobic Zl gauge boson mass squared on the 
parameters in the model: 

1 o l9 / m| tan 2 /3 L - m| \ 

a<— + ( Sl j- <»*> 

where m$ L and rrig are soft masses for the Higgses Sl and Sl, while tan /3k = (Sl) / (Sl)- Note that 
without the soft SUSY breaking mass terms one does not get a positive value of which implies that 
the lepton number symmetry breaking scale is of order the SUSY breaking scale. 

Baryon Number Violation: For any values of the baryonic charges of the new fermions which satisfy the 
anomaly conditions the Higgses Sb and Sb have charges 1 and —1, respectively. As discussed in Ref. @, 
in this case one can write the following dimension five operator which gives rise to baryon number violation 

A" 

W% = —u c d c d c S B - (20) 

After U{1)b breaking at the TeV scale one has new interactions violating baryon number i.e., a squark can 
decay to two antiquarks. This renders the lightest neutralino unstable. For example, the photino can decay 
to a quark and a virtual anti squark that then decays into two quarks. Of course if A" is too small and/or A 



1 We neglect Fayet-Iliopoulos D terms. 
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is too large this decay will be not occur inside an LHC detector and may even give a lifetime for the lightest 
neutralino that is greater than the age of the universe. 

See Refs. [15] [161 for the constraints on the interactions in Eq. (20 1 coming from dinucleon decays. 
These give the limit A^ ds t>s/A < 10~ 8 . The limits from n — n oscillation experiments are weaker and we 
do not discuss these here. 

There is no mixing between the SM fermions and the new fermions from renormalizable operators in the 
model. At the dimension five level we write the following interactions which allow the lightest new quark 
to decay 

W% = j-uld c d c t B + j-u c dld c ^ B , (21) 

These interactions require B u c = 5/3. It is also possible to build models where one does not use non- 
renormalizable operators to make the lightest fourth generation quark decay, but rather, adds additional 
fields similar to what was done in the non supersymmetric case. 

Lepton and Baryon Number Violation at the LHC: The local leptonic symmetry is broken by the vevs of 
Sl and Sl which have L = —2 and L = 2, respectively. Therefore, one can only generate lepton number 
violating interactions that change lepton number by an even number. One can look for lepton number 
violation at the LHC through the decays of right handed neutrinos as we discussed in the previous section. 

If the relevant couplings are not small one can detect baryon number violation in the decays of squarks 
and gauginos at the LHC. See Ref. [ 17 ] for the study of neutralino decays that violate baryon number. For 
example, if we the gluino is the lightest supersymmetric particle one could have signals with multitops and 
multibottoms such as pp — > gg — )• ttbbjj, where j stands for a light jet. 

In summary, we have constructed a supersymmetric model consistent with all low energy constraints 
that has B and L spontaneously broken at the SUSY scale. Since one does not need large Yukawa couplings 
for the new quarks and they are in complete representations of SU(5) the perturbative gauge coupling 
unification at a high scale is preserved. It may be possible to generate an acceptable baryon asymmetry 
through weak scale baryogenesis. 



IV. SUMMARY 



We have investigated simple non-supersymmetric and supersymmetric models where local baryon and 
lepton number symmetries are spontaneously broken near the weak scale. In order to cancel the anomalies 
and avoid the Landau poles for the new Yukawa couplings we add a new vector-like family which can be 
thought of as a sequential and mirror family with different baryon and lepton numbers. In these models the 
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light neutrino masses are generated through the seesaw mechanism and proton decay is forbidden even if 
higher dimension operators are included. However, baryon number violating nuclear decays are possible. In 
both models lepton number violating signals at the LHC through the production and decays of right-handed 
neutrinos are possible. In the case of a small mixing between the two extra Abelian symmetries we have a 
leptophobic gauge boson Zb and a quarkphobic gauge boson Z^. As we have discussed before, there is no 
mixing between the Standard Model fermions and the new fermions at tree level, and hence quite naturally 
one avoids unacceptably large flavor violation. 

In the non-supersymmetric version of the theory one finds that baryon number is conserved after sym- 
metry breaking and one has a dark matter candidate with spin zero. In the supersymmetric version the 
baryon and lepton number violating scales must be of order the supersymmetry breaking scale. The light- 
est neutralino is unstable and for a range of parameters it is possible to observe baryon number violation 
through gaugino decays. For example, the decays of gluinos may give rise to channels with multi-tops and 
multi-bottoms which clearly violate baryon number and can be observed at the LHC. 
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